The pressure drop in microreactors for the gas -liquid Taylor flow was measured for 4 different microreactor geometries and 3 different gas -liquid systems. The results have been compared with the existing literature correlations. A selection of the best correlations has been made.
INTRODUCTION
Pressure drop in two-phase gas-liquid flow in pipes and channels has been the subject of research for many decades. Most experimental data existing in the literature have been obtained for a conventional industrial equipment (Dziubiński and Prywer, 2009 ).
Recently, microreactors and, more generally, microstructures, have become increasingly important parts of modern process equipment. It is important to know, whether the correlations obtained for industrial size channels are applicable to milli-and microchannels. Three approaches to calculate pressure drop values in such channels have been used: the classical approach (Fries et al., 2008) , the homogenous model (Kawahara et al., 2002) and the Lockhart-Martinelli (1949) model. Tab. 1 shows the existing information about the pressure drop investigations in micro and milli-channels.
The aim of this paper is to report experimental results obtained for three different systems, and a number of channel geometries and positions (horizontal, vertical) . The obtained data have been correlated using the aforementioned three models.
The total pressure drop in gas-liquid microchannels includes four different contributions (Fries et al., 2008) :
where: ΔP A is the pressure drop due to acceleration (Fries et al., 2008) :
ΔP B is the pressure drop over a moving bubble due to a different shape of the bubble front and bubble tail (Bretherton, 1961) : ΔP G is the pressure drop due to gravity (Fries et al., 2008) :
ΔP F is the frictional pressure drop, which can be determined in a number of ways:
• according to the classical approach using the Darcy equation for liquid flow correlated for the fact that only a friction of the channel volume is filled by the liquid:
• according to the homogenous model using the Darcy equation for the two-phase mixture:
• according to the Lockhart-Martinelli model, as discussed in the following section. The pressure drop contributions defined by Eqs. (2-4) are simple to calculate from the experimental conditions.
It should be pointed out that all traditional models (classical, homogenous and Lockhart-Martinelli) are based on the assumptions which in the case of the Taylor flow are rather unrealistic. A more rational approach has been suggested by Kreutzer and co-workers (2005a Kreutzer and co-workers ( , 2005b Kreutzer and co-workers ( , 2005c and Abiev (2011) . However, their approach requires the knowledge of slug length, which renders it less practical from the engineering point of view. For this reason we limited our analysis to the traditional models.
1.1. The classical model (Fries et al., 2008) In this model the Darcy Equation (5) is used, with the physicochemical properties (ρ L and μ L ) of the liquid, and two-phase superficial velocity u TP . The friction factor f is given by Equations (7-9).
Standard correlation: Re
Bretherton (1961): The homogeneous model assumes that the two phases (gas and liquid) form a homogenous mixture. The pressure drop is calculated on the basis of one-phase flow formulas with the appropriate two-phase mixture parameters values. Although this assumption is rather far from the physical reality of the Taylor flow, we decided to check the applicability of this model for the sake of completeness of the analysis.
The literature describes many correlations for the viscosity and density of gas-liquid mixture determination. In this paper the following correlations are discussed:
• density: Kawahara et al., (2002) :
• viscosity: Dukler et al., (1964) :
Beattie and Walley (1982):
Using the calculated values of density and viscosity of the gas-liquid mixture, the frictional pressure drop can be calculated from the Darcy equation in the form given in Eq. (6).
The frictional factor is determined from the correlation (14):
1.3. The Lockhart and Martinelli model Lockhart and Martinelli (1949) proposed that the pressure drop in two-phase flow can be related to the equivalent pressure drop in one-phase flow by two-phase parameter Φ:
where Φ L is correlated as (Chisholm, 1967) :
and X is the ratio:
The pressure drop for the gas phase and the liquid phase is calculated separately using the Darcy equation for one phase (18) and the standard definition of the friction factor f, using Eq. (7).
The main problem in applying the Lockhart-Martinelli model is to determine the C factor. Table 2 shows the existing C factor correlations for laminar gas-liquid flows. 
Saisorn and Wongwises (2010) 005
In this work we used our experimental data to find a new C correlation. We also investigated the contribution of inlet effects to the pressure drop in microreactors.
EXPERIMENTAL SYSTEM
Two kinds of microreactors were used: a microreactor built of polydimethyloxosilane (PDMS) and another one, built of glass. In order to eliminate inlet and outlet effects, the inlet/outlet systems, without the main channel, were also prepared. For each set of experimental conditions the pressure drop was measured twice: for the whole microreactor, and for the inlet system only. It allows to calculate pressure drop in microchannel alone .
The glass microreactor has a circular cross-section, 0.4 mm in diameter and 100 mm of the main channel's length. Fig. 1 shows the glass microreactor. The PDMS microreactors have a square cross-section, 0.15 mm wide and the main channel 25 mm in length. A PDMS microreactor with a Y-shaped inlet is shown in Fig. 2a) , a PDMS microreactor with a T-shape inlet is shown in Fig. 2b) , and a PDMS microreactor with a T1-shaped inlet is shown in Fig. 2c In the T-shape microreactor the main channel is perpendicular to both inlet channels, in the T1-shape one of inlet channels is perpendicular to the main channel, while the other lies on its axis. The T1-shape microreactor was used in two different configurations (Fig. 3a) 3b) ), T-shape arrangement is shown in Fig. 3c ).
The experimental set-up is shown in Fig. 4 . Gas (nitrogen) was supplied from a cylinder (1) through a reducing valve and a gas flow regulator (2) (mass flow meter and controller: Brooks Smart Series, type 5850 S). Gas pressure was measured using manometer (5). The liquid was supplied by a syringe pump (3). At the outlet of the microreactor (4) the atmospheric pressure was maintained. In the experiments three liquids were used (water, ethanol and heptane). The aim of this part of the experiment was to check whether the position (horizontal or vertical) of the main channel had any influence (other than hydrostatic pressure) on the overall pressure drop. It was supposed that this position may influence the process of bubble/slug formation and/or the character of the liquid flow around the bubble.
The pressure drop was measured for two positions of microreactors: with main microchannel oriented horizontally or vertically. Fig. 5 shows the overall pressure drop ΔP ∑ in glass microreactor in systems nitrogen-heptane and nitrogen-water for vertical and horizontal positions.
We also measured the overall pressure drop ΔP ∑ in two position (horizontal and vertical) in PDMS-T and PDMS-T1 microreactors in nitrogen-ethanol system (see Fig. 6 ). As can be seen, for lower values of liquid velocity the overall influence of microreactor position on the pressure drop is not significant (the channel is quite short, so the hydrostatic component, Eq. (4), is not important). For higher velocity values the influence of microchannels position on overall pressure drop is not higher than 10%. In further considerations only horizontal microreactors were discussed. Fig. 7 shows the results, obtained using the glass microreactor. Ethanol, water and heptane were used to measure pressure drop in this microreactor and in the inlet system. Fig. 8 shows the experimental data for ethanol-nitrogen system for PDMD T and PDMS T1-1 microreactors and the inlet systems. As can be seen the contribution of the inlet pressure drop in the microreactors was in the range: 10% ÷ 40% of the total measured pressure drop. It is therefore essential to distinguish between the two contributions: that of the inlet system and that of the main channel. Naturally, for longer main channels, the inlet contribution becomes less important.
Inlet effects

Microchannel pressure drop
According to Eq. (1) the total pressure drop in gas-liquid flow in a microchannel is composed of four parts. The frictional pressure drop constitutes the main contribution in all our data. Fig. 9 shows results for the glass microreactor, Fig. 10 shows results for the PDMS microreactor. As can be seen the total pressure drop in the microchannel is practically equal to the frictional pressure drop. Our experimental data have been compared with all the three models discussed earlier.
The classical model
For the classical model a comparison of the experimental data with those calculated from Eq. (5) using three correlations for the factor f Eqs. (7-9) has been made. A comparison of the calculated frictional pressure drop values with the experimental data is shown in Fig. 11 . For a quantitative comparison the standard deviation values were calculated as: Fig. 11 . Comparison of the experimental data with the existing correlations (7-9) for the frictional coefficient: a) glass microreactor, water-nitrogen; b) glass microreactor, heptane-nitrogen system; c) glass microreactor, water nitrogen; d) PDMS microreactor, ethanol-nitrogen
The calculated values of the standard deviation are shown in Table 3 
The homogeneous model
For the homogeneous model, the selection of methods for calculating density and viscosity of a homogenous mixture is the most important thing. In this paper, density was calculated from Eq. (10). To select the correlation for viscosity, which would give the best agreement with the experimental data, viscosity was calculated from Eqs. (11-13). The friction coefficient was calculated using Eq. (14) and the frictional pressure drop was calculated using Eq.(6). The calculated values of the frictional pressure drop were then compared with the experimental values. Table 4 shows standard deviation values for the ethanol-nitrogen system in the glass microreactor. As can be seen, the best results are obtained using Dukler's (1964) correlation for μ. Similar results were obtained for other physico-chemical systems and microreactors. In the further considerations the frictional coefficient was therefore calculated using Dukler's correlation for viscosity. For density the Kawahara correlation (Eq. 10) is used as mentioned earlier. The values of standard deviations are shown in Table 5 .
It is seen that the homogenous model Eqs. (6,14) gives similar results as the classical model with the standard correlation for f (Eqs. 5, 7). For density and viscosity the formulas of Kawahara (Eq. 10) and Dukler (Eq. 12) should be used. 
The Lockhart-Martinelli model
The experimental data have been compared with those calculated using the Lockhart-Martinelli model together with the existing correlations for the factor f (Eq. 7) and the factor C Eqs. (19) (20) (21) (22) . Fig. 12 shows the parity plots for the glass microchannel, Fig. 13 shows the parity plot for the PDMS microchannel (in all three PDMS microreactors the main microchannels were identical). A comparison of our experimental data with those calculated from the Lockhart-Martinelli model using the existing correlations shows a generally reasonable agreement, except for the Chisholm (1967) correlation. This is understandable, as this correlation was developed for bigger channel diameters. Tab. 6 shows the values of the standard deviation for the data shown in Figs. 12-13 (LockhartMartinelli model) . The results are somewhat better than those obtained for the classical model using standard (Eq. 7) correlation for the f coefficient, but the difference is not as large as it might have been expected (taking into account the assumptions of the classical model, rather far from reality for Taylor flow). On the basis of our experimental data we proposed our own correlations for the C factor: 
The parity plot of the results obtained for all the microchannels and all the systems using this correlation is shown in Fig. 14 . The standard deviation for all the experimental points is 0.025 MPa/m, which shows a good fit of the proposed correlations to the experimental results.
CONCLUSIONS
The pressure drop in the Taylor gas-liquid flow in microchannels was measured. Four different microreactors and four different liquids were used. A 10 -40% contribution of the inlet pressure drop to the total microreactor pressure drop was observed. Having eliminated the inlet effect, the pressure drop in the microchannel was determined. The experimental results were compared with the classical, homogenous and the Lockhart-Martinelli models. For each model a selection of correlations used was made.
For the classical model the best agreement with the experiments was obtained using the standard correlation (Eq. 7) for the friction coefficient f.
For the homogenous model; comparable results were obtained using the correlation (14) for f and the formulas of Kawahara (Eq. 10) and of Dukler (Eq. 12) for the density and viscosity of the mixture.
For the Lockhart-Martinelli model the best agreement was obtained using the standard (Eq. 7) correlation for the friction coefficient f, and the Saisorn and Wongwises correlation (Eq. 22) for the C factor. Generally, the Lockhart-Martinelli model gave the best agreement with the experiment, but differences between the described models was not large, provided properly selected correlations for the model parameters were used. Our own correlations for the Lockhart-Martinelli model parameters were also proposed. 
